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Simplest case
pure QED 

(Z0 neglected)

Cross-section calculable: Integrated over 𝛉
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e+e- annihilation
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from Hazeln-Martin
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Fragmentation
or

Hadronization

what we detect

⇡, K, p, ⌘, ...

The fragmentation process is non-perturbative!
=> we cannot calculate it!

We parametrize it via Fragmentation Functions (FFs)

Fragmentation process
or how do the hadrons get formed?

e+e� ! q q̄ ! hX
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⇡, K, p, ⌘, ...

The fragmentation process is non-perturbative!
=> we cannot calculate it!

We parametrize it via Fragmentation Functions (FFs)

Dq
h

D h     q          (z) is the probability that an hadron 
h with energy z is generated from a 
parton q

z ⌘ Eh

Eq
=

Eh

Eb
=

2Eh

Q

Fragmentation process
or how do the hadrons get formed?
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what we detect

⇡, K, p, ⌘, ...

Fragmentation process
or how do the hadrons get formed?

e+e- is the cleanest way to access FF, because FFs are the 
only non-perturbative contribution to the cross-section!

elementary 
cross-section FF

�e+e�!hX /
X

q

�e+e�!qq̄⇥(Dh
q +Dh

q̄ )

e+e� ! q q̄ ! hX



Francesca Giordano 8

e-

e+ �
q

q̄

Dq
h

h

what we detect

⇡, K, p, ⌘, ...

Fragmentation process
or how do the hadrons get formed?

e+e- is the cleanest way to access FF, because FFs are the 
only non-perturbative contribution to the cross-section!

Factorization of the cross section!

elementary 
cross-section FF

�e+e�!hX /
X

q

�e+e�!qq̄⇥(Dh
q +Dh

q̄ )

e+e� ! q q̄ ! hX



Francesca Giordano 8

e-

e+ �
q

q̄

Dq
h

h

what we detect

⇡, K, p, ⌘, ...

Fragmentation process
or how do the hadrons get formed?

e+e- is the cleanest way to access FF, because FFs are the 
only non-perturbative contribution to the cross-section!

Factorization of the cross section!

elementary 
cross-section FF

�e+e�!hX /
X

q

�e+e�!qq̄⇥(Dh
q +Dh

q̄ )

Isospin & charge Symmetries

�e+e�!⇡+X = �e+e�!⇡�X

e+e� ! q q̄ ! hX



Francesca Giordano 8

e-

e+ �
q

q̄

Dq
h

h

what we detect

⇡, K, p, ⌘, ...

Fragmentation process
or how do the hadrons get formed?

e+e- is the cleanest way to access FF, because FFs are the 
only non-perturbative contribution to the cross-section!

Factorization of the cross section!

elementary 
cross-section FF

�e+e�!hX /
X

q

�e+e�!qq̄⇥(Dh
q +Dh

q̄ )

Dh
q Dh

q̄

Dh
g

LO, NLO

NLO

Isospin & charge Symmetries

�e+e�!⇡+X = �e+e�!⇡�X

e+e� ! q q̄ ! hX



Francesca Giordano 9

Fragmentation process
or how do the hadrons get formed?

Knowing the FFs can provide information on 
quark confinement!
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Fragmentation process
or how do the hadrons get formed?

Knowing the FFs can provide information on 
quark confinement!

FFs are universal!
=> can be used to study the proton structure!
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Fragmentation process
or how do the hadrons get formed?

Knowing the FFs can provide information on 
quark confinement!

FFs are universal!
=> can be used to study the proton structure!

Two non-perturbative 
contributions to the cross-section!
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elementary 
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Fragmentation process
or how do the hadrons get formed?

Knowing the FFs can provide information on 
quark confinement!

FFs are universal!
=> can be used to study the proton structure!

Two non-perturbative 
contributions to the cross-section!
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Semi-Inclusive DIS

elementary 
cross-section
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⇒
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Global analises:
    e+e-, SIDIS, pp: (including uncertainties)

e+e-, pp:

Hirai, Kumano, Nagai, Sudoh                
Phys. Rev. D 75, 094009 (2007)  

Albino, Kniehl, Kramer                                
Nucl. Phys. B 803, 42 (2008) 

2007: First unpolarized FF extraction 
with estimated uncertainties!

de Florian, Sassot, Stratmann                                      
Phys. Rev. D 75, 114010 (2007) and 

Phys. Rev D 76, 074033 (2007) 

Epele, Llubaroff, Sassot, Stratmann
arXiv:1209.3240 [hep-ph]

http://arxiv.org/find/hep-ph/1/au:+Epele_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Epele_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Llubaroff_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Llubaroff_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Sassot_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Sassot_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stratmann_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stratmann_M/0/1/0/all/0/1
http://arxiv.org/abs/1209.3240
http://arxiv.org/abs/1209.3240
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http://arxiv.org/find/hep-ph/1/au:+Epele_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Epele_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Llubaroff_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Llubaroff_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Sassot_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Sassot_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stratmann_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stratmann_M/0/1/0/all/0/1
http://arxiv.org/abs/1209.3240
http://arxiv.org/abs/1209.3240


Francesca Giordano

e+e-  data

Dπ+i

Epele, Llubaroff, Sassot, Stratmann
arXiv:1209.3240 [hep-ph]

Few data at high z
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BELLE @ KEKB

Good tracking ϴ [170;1500] 
and vertex resolution 

Good PID:  ự(π) ≳ 90%
ự(K) ≳ 85%

13

Belle spectrometer:
4𝛑 spectrometer optimized for 
CP violation in B-meson decay

On resonance:
 √s = 10.58 GeV (e+ e- → Y(4S) → BB)

Off resonance 
√s = 10.52 GeV (e+ e- → qq  (q=u,d,s,c))

Total Luminosity collected:
1000 fb-1!!!

KEKB:
Asymmetric e+ e- collider

(3.5 / 8 GeV)
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2D correction
Detector performance depends on momentum 

and  scattering angle!
Bin 

#
plab [GeV/c]  
bin ranges

0 [0.5,0.65)
1 [0.65,0.8)
2 [0.8,1.0)
3 [1.0,1.2)
4 [1.2,1.4)
5 [1.4,1.6)
6 [1.6,1.8)
7 [1.8,2.0)
8 [2.0,2.2)
9 [2.2,2.4)

10 [2.4,2.6)
11 [2.6,2.8)
12 [2.8,3.0)
13 [3.0,3.5)
14 [3.5,4.0)
15 [4.0,5.0)
16 [5.0,8.0)

Bin 
#

 cos𝜽lab         

bin ranges
0 [-0.511,-0.300)
1 [-0.300,-0.152)
2 [-0.512,0.017)
3 [0.017,0.209)
4 [0.209,0.355)
5 [0.355,0.435)
6 [0.435,0.542)
7 [0.542,0.692)
8 [0.692,0.842)

Pij Pij(p, ✓)➬
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2D correction
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Smearing which causes particles to be reconstructed with z > 1.0 has been

studied. For most z bins, bin contents are large enough such that the absolute

value of all particles smeared to z > 1.0 is insignificant. At very high z, all

systematic uncertainties are found to be larger than the total yield of all particles

smeared to z > 1.0. Thus no additional uncertainty arising from smearing to

z > 1.0 is assigned.

Figure 39 shows ratios of negatively charged pion (a) and kaon (b) yields

versus z, after and before the smearing correction. Statistical and systematic

uncertainties for each yield are added in quadrature and propagated through

the ratio. As can be seen from the plot, the ratios are consistent with unity for

all values z within their uncertainties.

(a) (b)

Figure 39: Ratios of corrected over uncorrected negatively charged pion and

kaon yields. Before the ratio, statistical and systematic uncertainties are added

in quadrature for each plot. Gaps in the plots are present since some ratio values

fluctuate outside of the histogram y axis range shown, but which are still consistent

with unity within their uncertainties (uncertainty bars are not shown for those

points in the plots).

Systematic uncertainties increase significantly due to the smearing correc-

tion, especially at high z. This can be attributed to low statistics in the highest

z bins, and thus high uncertainties on the matrix elements, which in turn pro-

duces SEDs with large standard deviations.

100

before/after
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ISR/FSR correction
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√
s. [31] This analysis should provide multiplicities with a range of

√
s sufficiently

smaller than this limit. Thus it was decided to exclude hadron contributions

from fragmentation events where ISR/FSR photons carry more than 0.5% of

the nominal center-of-mass energy (about 53 MeV).

Figure 67 shows fractions of negatively charged pions and kaons generated

in events where the sum of all ISR/FSR photons is more than 0.5% of the

nominal center-of-mass energy, versus z. The plots are extracted from the above-

mentioned on-resonance Experiment 55 Monte Carlo data sample. The x-axis

shows the ’nominal’ values of z, so the hadron center-of-mass energy normalized

to
√
s/2 = 5.29 GeV. It is less likely that particles with high nominal z are

produced in events whose center-of-mass energy is lower than the nominal
√
s.

Thus the particle fractions are seen to decrease versus z. The difference between

the pion and kaon curve can most likely be related to mass effects.

The fractions shown in Figure 67 represent the fractions of particles in each

z bin which are excluded from the analysis to limit ISR/FSR impact on the

measured yields. The assumption in this analysis step is that the fraction of

particles from events with hard QED effects is the same in Monte Carlo as in

experimental data.

Figure 67: Belle Monte Carlo fractions of particles from events with ISR/FSR

photon energy of more than 0.5% of
√
s, for negative particle charge versus nominal

z.
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Updated e+e-  world data

Phys. Rev. Lett.  111,  062002  (2013)
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Overall normalization factors needed to obtain consistent fit !
NBelle=1.058, NBarBar=1.021
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